Additional index words. Capsicum chinense, habanero pepper, direct somatic embryogenesis Abstract. To induce somatic embryogenesis in habanero pepper (Capsicum chinense Jacq.), the cultivar BVll-03, belonging to the red type, was used. Different explants were evaluated, as were different culture media, the composition of which varied in the content of plant growth regulators. Results showed the formation of somatic embryos from cotyledons, zygotic embryos, germinated zygotic embryos, hypocotyls, and cotyledonary leaves. Explants were cultured on Murashige and Skoog medium supplemented with 2,4-D (9.05 mM). The somatic embryos always formed directly from the explant, without callus formation, and the greatest efficiency was obtained when segments of hypocotyls were cultured, obtaining 175 ± 20 somatic embryos per explant. Only the somatic embryos obtained on Murashige and Skoog medium containing 2,4-D (9.05 mM) and treated with abscisic acid (ABA) (1.89 mM) before their transfer to the germination media (Murashige and Skoog + 1.1 mM GA 3 ) emitted their radicule and expanded their cotyledonary leaves (60%), whereas the remaining embryos did not achieve germination because of different causes (abnormalities, delayed development). Not only is this protocol of somatic embryogenesis the first to be reported for this species (C. chinense Jacq.), but it is also the most efficient reported so far, within the Capsicum genus.
All chili peppers belong to the Capsicum genus of the Solanaceae family. There are 27 species of Capsicum, but only five of these have been domesticated and cultivated: C. annuum Linné, C. baccatum Linné, C. chinense Jacquin, C. frutescens Linné, and C. pubescens Ruiz & Pavón. Capsicum chinense or Habanero pepper, as it is known in México and other parts of the world, differs from the rest of the peppers in the higher level of pungency in the fruit, which is recognized as the hottest (the most spicy) known (DeWitt and Bosland, 1993) . Although the point of origin of C. chinense is located in the Amazon (Greenleaf, 1986) , the Yucatán Peninsula, in Mexico, is considered to be the center of genetic diversity for this species given the great variety of shapes, size, color, taste, aroma, and pungency of its cultivars. Besides being consumed fresh and processed, because of its high capsaicin content, it is also the raw material for the elaboration of medicines, spray repellent, anticorrosives, cosmetics, and shampoo.
Although cell culture and plant regeneration have been achieved in many members of the Solanaceae family, Capsicum is still considered to be a genus recalcitrant to in vitro morphogenesis. Most of the regeneration methods reported for Capsicum annuum L. involve direct organogenesis from cotyledons and hypocotyls. The major problem in the process of in vitro regeneration is shoot elongation, which occurs more often in hot pepper and in C. frutescens than sweet pepper varieties (Franck-Duchenne et al., 1998) . There are very few reports of somatic embryogenesis in C. annuum (Binzel et al., 1996; Buyukalaca and Mavituna, 1996; Harini and Sita, 1993; Jo et al., 1996; Steinitz et al., 2003) , in which somatic embryos have been obtained, and the majority of these have been from immature or mature zygotic embryos. The only report of somatic embryogenesis in the genus, using leaf explants, was carried out quite recently by Kintzios et al. (2001) .
To date, there are two reports of plant regeneration in habanero pepper via organogenesis (Santana-Buzzy et al., 2005 , 2006 , in which the inhibition of the effects of ethylene was also studied. Somatic embryogenesis has not previously been described in C. chinense Jacq. This is the first report of a protocol of regeneration via direct somatic embryogenesis from Capsicum chinense Jacq. It is convenient to obtain somatic embryos that develop directly from the explants, because there is a greater tendency for them to be genetically more uniform than the embryos generated from the callus (Maheswaran and Williams, 1984) .
Conventional breeding is a long process with problems of interspecific incompatibility on many occasions. Somatic embryogenesis can offer efficient solutions to these problems, particularly when there is a need to recover and propagate plants in large numbers from genetically transformed plant cells (Buyukalaca and Mavituna, 1996) . Habanero pepper has much demand on an international scale, because it has multiple uses. Nevertheless, the diseases and the lack of efficient strategies to obtain improved cultivars have made it impossible to cover its demand from the different industries that require the product. The aim of this study was to establish a protocol of somatic embryogenesis, as a basic tool for the genetic transformation of plants, and to incorporate it in our strategy for the use and efficient management of a collection of this species (C. chinense Jacq.) that is being conserved and characterized in our laboratory.
Materials and Methods
Preparation of plant material. Seeds of Habanero pepper (C. chinense Jacq.) cultivar BVll-03 were surface sterilized with a solution of ethanol at 70% for 5 min, rinsed three times in sterile distilled water, soaked in a solution of commercial sodium hypochlorite at 30% for 15 min, and rinsed again three times in sterile distilled water. After disinfection, the seeds were submerged in sterile distilled water for 24 h. The zygotic embryos were extracted from the seeds by dissection and cotyledons were cut from the seeds immediately after the pretreatment in water, with the help of a stereomicroscope, tweezers, and a scalpel. To obtain the other types of explants, the sterile seeds were cultured in glass jars with 20 mL germination medium composed of mineral salts recommended by Murashige and Skoog (MS) (1962) , supplemented with GA 3 1.1 mM, sucrose 3%, and gelrite 0.2%. The pH was adjusted to 5.6 before sterilization in autoclave. The cultures were incubated in darkness for 7 d to accelerate germination. After the seeds had germinated, they were transferred to a photoperiod ) at 25 ± 2°C . The germinated zygotic embryos were extracted when the radicule became visible (7-8 d after planting in the germination medium), whereas the hypocotyls and cotyledonary leaves were extracted from the dissection of plantlets at 15 d of germination.
Induction of somatic embryogenesis. To induce somatic embryogenesis, different types of explants were cultured (cotyledons, zygotic embryos, germinated zygotic embryos, hypocotyls, and cotyledonary leaves) i n d i f f e r e n t t r e a t m e n t s . A l l t h e media contained the salts recommended by Murashige and Skoog (1962) and were always supplemented with sucrose 3%, cisteine HCl 142.36 mM, myo-inositol 554.93 mM, and thiamine HCl 29.64 mM. The media were solidified with gelrite 0.2% and the pH was adjusted to 5.8 before they were sterilized in autoclave (121°C for 15 min). The cultures were incubated at 25 ± 2°C under photoperiod conditions (16 h light) and in darkness. Thirty explants per treatment were used and were evaluated over a period of 12 weeks.
Development of somatic embryos. Somatic embryos in globular and heart-shaped stages, obtained after 4 weeks of induction in the MS medium containing 9.05 mM 2,4-D (T2), were transferred to different culture media (the same media that were evaluated during the induction step; Table 1 ) to evaluate the development of somatic embryos at more advanced stages (torpedo and cotyledonary). They were maintained in these media for 8 weeks, and changes were evaluated and recorded.
Pretreatment of somatic embryos with abscisic acid (ABA). The somatic embryos in torpedo and cotyledonary stages were transferred to solid and liquid culture media containing ABA 1.89 mM. In both media, only the concentration of the salts (MS/2) was modified. The embryos cultured in liquid medium were incubated in 250 mL Erlenmeyer flasks containing 50 mL medium at 80 g. The somatic embryos in both the solid and the liquid media were incubated in darkness at 25 ± 2°C for 21 d.
Germination of somatic embryos. After pretreatment with ABA, the somatic embryos were transferred to two germination media (solid and liquid media) composed of MS salts, GA 3 1.1 mM, and sucrose 3%. For the solid media, gelrite 0.2% was added (Santana-Buzzy et al., 2005) . The somatic embryos in liquid media were placed on a paper bridge. Both the solid and liquid media were incubated in photoperiod (16 h light) at 25 ± 2°C for 15 d.
Results
I n d u c t i o n a n d d e v e l o p m e n t o f somatic embryogenesis. The results obtained (Table 1) show that, from the 21 culture media evaluated, only in two was it possible to induce the formation of somatic embryos: the T2 (MS + 9.05 mM 2,4-D) and in the T17 [MS + 9.05 mM 2,4-D + 0.1 mM 2,4-epibrassinolide (EBR)] media. The formation of somatic embryos always occurred directly from the explant, and they were clearly visible from 30 to 45 d of induction in the T2 medium. However, the origin of the embryos varied depending on the explant source. When germinated zygotic embryos were used, somatic embryos began to appear around the area of the cut, and at the ends of the explants where greater proliferation was observed, and then spread over the surface of the explants (Fig. 1a) . In cotyledonary leaves (Fig. 1b, c) , cotyledons ( Fig.  1d) , and zygotic embryos (Fig. 1e, f) , the embryos formed directly on the surface of the explant. When cotyledons were used as explants, the somatic embryos formed only from the damaged embryogenic tissue that resulted from the dissection of the seeds, proving to be the least adequate explant as a result of the lack of available tissue and the low frequency of somatic embryos formed, compared with the rest of the explants evaluated. That is the reason that evaluation of this explant did not continue in this study. When hypocotyls were used, the somatic embryos originated in the interior of the explant, probably from vascular tissue, and were only visible after the dermis of the explant was eliminated (Fig. 2a-c) . The pronounced enlargement of the explant indicated that the process was taking place and, after the dermis was removed, the embryos in the globular stage began to multiply adventitiously (Fig. 2d, e) . All the explants (zygotic embryos, germinated zygotic embryos, cotyledonary leaves, hypocotyls, and cotyledons) formed embryos in the T2 media. They showed a normal development pattern and morphology in accordance with the stages through which a somatic embryo must pass in dicotyledonous species (Fig. 3a-e) .
In T17 medium, with the exception of cotyledonary leaves, in the rest of the explants evaluated deformed embryos were observed, which became pale brown and subsequently died. These results allow us to infer that the composition of the culture media appears to exert more influence on the induction of somatic embryogenesis in Habanero pepper than the type of explant, when the explants originate from aseptic plantlets (15-d-old) . This behavior could probably vary considerably if the explants were from adult plants or were maintained in different culture conditions.
As can be observed in Fig. 4 , during the induction of somatic embryogenesis, with the exception of zygotic embryos in which the response oscillated between 40% and 50% for both culture conditions (photoperiod and darkness respectively), the number of explants forming somatic embryos for the rest of the explants evaluated (germinated zygotic embryos, cotyledonary leaves, and hypocotyls) was superior to 80%, both in photoperiod and in darkness, with no evidence of significant differences between the two culture conditions, although cotyledonary leaves and hypocotyls did show a slightly higher response when cultured in darkness (100%). However, in an analysis of the number of somatic embryos formed (Fig. 4b) , hypocotyls showed the greatest production (175 ± 20 somatic embryos per explant) in photoperiod conditions, whereas in darkness, although 100% of the hypocotyl segments formed embryos (Fig. 4a) , the number of embryos per explant did not exceed 35 to 40 somatic embryos per explant (Fig. 4b) .
Although germinated zygotic embryos showed an average behavior in relation to the capacity of the explant to form embryos (80 ± 10 somatic embryos per explant) and ----2,4-D, 2,4-dichlorophenoxyacetic acid; ABA, abscisic acid; BAP: 6-benzyladenine; CL, cotyledonary leaves; EBR: 2,4-epibrassinolide; GZE, germinated zygotic embryo; HYP, hypocotyls; KIN, kinetin; MS, Murashige and Skoog medium; TDZ, thiadiazuron; ZE, zygotic embryo; ZEA, zeatin.
cotyledonary leaves formed %45 to 55 somatic embryos per explant, both systems could also be appropriate options for use in the genetic transformation of this species, if they were the indicated explants. The results demonstrate that hypocotyls, germinated zygotic embryos, and cotyledonary leaves showed a considerable embryogenic capacity, as well as a high reproducibility of the process. The remainder of the explants differed significantly, both in photoperiod conditions and in darkness, with zygotic embryos being the explant that produced the smallest number of embryos per explant (Fig. 4b ).
An analysis of the effect of photoperiod and darkness on the frequency of embryos formed per explant and the developmental stages of the embryos (globular, heart shaped, torpedo, and cotyledonary), at 45 d of induction in the T2 media (Fig. 5) demonstrated that culture under photoperiod conditions were the best for the induction and development of somatic embryogenesis, for all the explants evaluated, with hypocotyls being the explants with greater capacity of response.
In relation to the development of somatic embryos, the stages observed most frequently were globular and torpedo, particularly in photoperiod conditions. In general, the heartshaped stage registered a very low frequency, both in the different explants and for the different incubation conditions. Steinitz et al. (2003) , working with C. annuum and using centrophenoxine as plant growth regulator, observed similar behavior: After the embryos in the globular stage became visible, they advanced progressively until they reached an elongated bipolar shape and eventually root and shoot poles, without the appearance of heart-shaped or torpedo stages, typical in somatic embryogenesis. Among other possible interpretations, this behavior could be attributed to the possibility that after the globular stage is reached, the transition from one stage to another during the histodifferentiation occurs very quickly or is almost imperceptible. Zygotic embryos proved to be the explants with the least capacity to form somatic embryos (10 somatic embryos per explant); however, when germinated zygotic embryos were used as an explant, they not only showed more frequency of formed embryos (87 somatic embryos per explant), but also the majority reached the torpedo stage and only a few of them the reached the cotyledonary stage (Fig. 5) .
Maturing and germination of somatic embryos. The somatic embryos induced and developed in the T2 medium MS + 2,4-D (9.05 mM), and subcultured afterward in a liquid medium with 1.89 mM ABA, showed a rapid elongation of the hypocotyl when transferred to the germination medium (1.1 mM GA 3 ; Fig. 6a ). Their color changed to green and the majority (60%) progressed to germination, as can be seen in Fig. 6b . However, although the embryos induced in the T2 medium, developed in the T21 medium [MS/2 + 5 mM 6-benzyladenine (BAP) + 9.05 mM 2,4-D], and pretreated with ABA (liquid medium) did germinate, there was a high frequency of fused embryos (20%) (Fig. 7a,b) . According to Steinitz et al. (2003) , working with C. annuum, it was possible to observe a wide range of morphological abnormalities, such as the absence of cotyledons, development of a single deformed cotyledon, and a wine glass-shaped cotyledon, but the most critical defect was the absence of a normal and completely functional apical meristem in the embryo.
Discussion
One of the most relevant conclusions reached in this study is the capacity of the Habanero pepper (C. chinense J.) to form somatic embryos contrary to the behavior reported for other species of the genus, particularly C. annuum, which to date has demonstrated and sustained the recalcitrance of the Capsicum genus to in vitro morphogenesis. The habanero pepper showed great plasticity and capacity to produce somatic embryos, regardless of the explant used, and despite belonging to the Capsicum genus, which is known for its low capacity of in vitro plant regeneration. In our study, all the explants evaluated were capable of forming somatic embryos in the same culture media: zygotic embryos and germinated zygotic embryos; cotyledonary leaves, cotyledons, and hypocotyls. Germinated zygotic embryos and hypocotyls explants registered the greatest frequencies of somatic embryo formation (87 somatic embryos per explant and 175 somatic embryos per explant respectively), taking into account that it is direct somatic embryogenesis. Although cotyledonary leaves showed less frequency of formed embryos (45 somatic embryos per explant), compared with germinated zygotic embryos and hypocotyls, these were the embryos that reached germination in greater number. Zygotic embryos and cotyledons, with 10 and 5 somatic embryos per explant respectively, registered the smallest number of formed embryos. The somatic embryos formed from hypocotyls only emerged or became visible when the epidermis of the explant was removed; they never formed on the surface, probably because their embryogenic capacity is confined to the vascular cells of the plant. In this study, somatic embryogenesis was induced, exceptionally, in all the types of explants evaluated and in the same culture media (T2). These results are in marked contrast to some reports referring to C. annuum for two basic reasons. The first is that the majority of established protocols are limited to the use of the zygotic embryo, mature or immature, as the initial explant (Binzel et al., 1996; Buyukalaca and Mavituna, 1996; Harini and Sita, 1993; Jo et al., 1996; Steinitz et al., 2003) . Only Kintzios et al. (2001) reported the formation of somatic embryos from mature leaves of C. annuum, and, with the exception of Buyukalaca and Mavituna (1996) , who obtained somatic embryos from cells in suspension, in all the other reports of indirect somatic embryogenesis (Jo et al., 1996; Kintzios et al., 2001) , the somatic embryos were induced from callus in solid media. The second reason is that most reports agree that somatic embryogenesis was controlled by the 2,4-D combined with thidiazuron (Binzel et al., 1996) , coconut water (Harini and Sita, 1993; Binzel et al., 1996) , or BAP (Kintzios et al., 2001) . Our results showed that during the entire development of somatic embryogenesis of habanero pepper, the presence of 2,4-D was determinative. Similar results were reported by Buyukalaca and Mavituna (1996) and Jo et al. (1996) , whereas Steinitz et al. (2003) managed to induce somatic embryos in 12 genotypes of C. annuum using either 2,4-D or centrophenoxine, with the greatest number of embryos per explant being obtained with the latter.
Compared with other reports of direct somatic embryogenesis carried out in the Capsicum genus to date, Harini and Sita (1993) obtained 6 to 19 somatic embryos per explant; Binzel et al. (1996) obtained six somatic embryos per explant, both from immature zygotic embryos. Steinitz et al. (2003) obtained six somatic embryos per explant when mature somatic embryos were used. With our protocol, it was possible to achieve a greater number of formed somatic embryos per explant (175 ± 20 from hypocotyls). However, in this study, after the cotyledonary stage was reached, germination and conversion to plants was not equally successful. Many of the embryos did not germinate, many others germinated but did not manage to convert to plants, and, on very few occasions, in some treatments, different abnormalities in the morphology of the somatic embryo were observed. In general, very frequently, after somatic embryogenesis is induced, many of the globular somatic embryos that are formed do not progress to more advanced stages, or many of the embryos that reach the torpedo and cotyledonary stages show a wide range of malformations. It was possible to observe that when 2,4-D was combined with EBR or BAP, fused somatic embryos were frequently generated. The same phenomenon was reported by Rodríguez and Wetzstein (1994) , Carraway and Merkle (1997) , Benelli et al. (2001) , Stipp et al. (2001) , and Tomaz et al. (2001) . Although the causes provoking these disorders in the normal development of the embryos are still imprecise and unpredictable, it is likely that the prolonged exposure of the somatic embryos to 2,4-D, particularly during histodifferentiation, could induce this type of behavior. Some reports have revealed that exogenous auxins stimulate the polarization of proembryogenic cells, but inhibit the subsequent development of the somatic embryo (Michalczuk et al., 1992a, b; Schiavone and Cooke, 1987) . Thus, for the transition of the somatic embryo from the globular stage to the more advanced stages, the exogenous auxins must be removed, so that the gene involved in the expression of the stages, during the development of the somatic embryos can be activated (Zimmerman, 1993) . The presence of abnormalities observed in the somatic embryos of chili has also been described in other species (Ammirato, 1987; Merkle et al., 1995) , and the concurrence of normal and abnormal embryos in the same culture is very common. Besides fused embryos, other types of abnormalities have been reported, such as the absence of cotyledons, a single cotyledon or malformed cotyledons (Carraway and Merkle, 1997, Jayasankar et al., 2002) , lack of a shoot, or anomalies in apical meristem histodifferentiation (Jayasankar et al., 2002; Stipp et al., 2001; Suhasini et al., 1996) . Binzel et al. (1996) observed abnormal somatic embryos of chili that, together with normal embryos, also became plants. However, in this work, the fused embryos did not develop into a plant, which coincides with the report by Steinitz et al. (2003) on C. annuum.
We have established the first and most promising system for direct somatic embryogenesis in a recalcitrant species, C. chinense, using hypocotyl explants. Fortunately, the advances we have made show that the production of somatic embryos in this species can be efficient and reproducible, at least up to the point when the somatic embryo reaches the torpedo and cotyledonary stages. This surpasses reports carried out for other species of the Capsicum genus. However, further research on the germination and conversion to plants will be necessary. It is evident that the use of ABA influenced the maturing of the embryos, because only those treated with this regulator before germination were able to develop their cotyledonary leaves. Nevertheless, this is one of the factors that must be considered to optimize the somatic embryogenesis of habanero pepper. ABA has been used successfully in several studies of somatic embryogenesis. It is considered to be an inhibitor of early germination of the embryos and, for some species, it can be critical for the conversion of embryos to plants (Ammirato, 1983; Redenbaugh et al., 1991) . In C. annuum, it was used successfully by Buyukalaca and Mavituna (1996) and Jo et al. (1996) .
Genetic improvement of habanero pepper cultivars for disease and insect pest resistance, among other characters, can be achieved efficiently through genetic engineering. To date, difficulties in regeneration via somatic embryogenesis and organogenesis, in particular shoot elongation from induced adventitious shoot buds, and nonreproducibility of results in tissue cultures of the Capsicum genus, have restricted work on genetic transformation (Peddaboina et al., 2003) ; however, the protocol we have established could prove to be attractive, not only for genetic transformation, but also for many other types of research relating to the different stresses affecting the cultivation of habanero pepper. 
